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INTRODUCTION 
New technological needs are leading to the development of new materials with 
enhanced mechanical properties for applications at elevated temperatures. The 
measurement of the elastic constants in such conditions is then needed. For that purpose, 
the LASER ultrasonic technique in which the ultrasonic waves are generated and detected 
at a distance, without any contact to the specimen [1] is used at elevated temperature. In 
this paper, the scanning of the surface of a specimen is performed to collect generated 
waveforms in various directions included in principal and non principal planes of 
symmetry of a composite material. Nine stiffness coefficients are thus identified from 
analysis performed on a single specimen. The method is applied at various elevated 
temperatures up to 300°C, and the stiffness tensor changes are discussed. 
EXPERIMENTAL DEVICE 
The specimen used for experiments is made of C-PMRI5 composite material. It is 
built up from multiple layers of balanced cloths manufactured from Carbon fibers. The 
matrix is a Polyimide resin which is capable of withstanding temperature of about 300 DC, 
with a good thermo-mechanic stability. The fibers directions are principal axes denoted by 
X2 and X3. Consequently, axis XI is normal to the sample surface. The material satisfies 
the hypothesis of an orthorhombic symmetry required by the ultrasonic identification 
method used in the remainder. The sample size along axes of symmetry X2 and X3 is 70 
mm. Twenty four woven layers are embedded in the resin giving the samples a total 
thickness of 8.2 mm. 
Conventionally, a Nd:Yag LASER is used for the ultrasonic wave generation. Infra 
Red light emission at 1064 nm is chosen, and the pulse duration is of about IOns, with a 
medium power output typically of 250 mJ per pulse. The collimated optical beam is 
focused by means of a cylindrical lens down to a spot size of approximately 0.1 mm in 
width. The transverse dimension of the source is thus much smaller than the acoustic 
wavelength, and the source length is of about 4 cm. In those conditions, ablation occurs at 
the sample surface, and marks it slightly. 
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Figure 1. Experimental apparatus. 
The LASER interferometric probe for the detection is a Mach-Zehnder, heterodyne 
type [2]. The bandwidth extends from 200 kHz to 18 MHz, and the sensitivity is 10 my/A. 
Since the reflectance of the sample is not sufficient to make the interferometer properly 
work, a thin metal layer was stuck on the sample surface to increase the signal to noise 
ratio. 
The experimental set up is shown in Fig. 1. A periscope device permits to move the 
line impact location in order to change the observation angle. The sample is mounted in an 
oven on the sides of which two holes are adjusted for the transmission of the LASER 
beams. The material is heated by Joule effect, applying a small voltage at two opposite 
sides of the sample. The focal length of the lenses is such that the optical components 
could be located outside the oven. Moreover, both the sample and the oven can be turned 
according to a rotation of axis Xl . 
MEASUREMENT OF THE STIFFNESS TENSOR 
Assuming that a cylindrical lens is used, the acoustic source can be modeled as a line. 
The line lies at the boundary of the plate and its orientation is defined by the angle P from 
axis X3. In the remainder, the coordinate axes (Xi) obtained from (Xi) by a rotation of angle 
/3 around Xl are considered. The relative position of the source and receiver is described in 
plane (Xl, X2) by the deviation tJ defined from the thickness direction, axis Xl . From an 
experimental point of view, scanning the line source in a direction normal to it, i.e. 
translating the mirror, changes angle tJ, whereas rotating the oven generates angle /3. 
Acoustic Waves Generated by a Line Source 
The source generates transient divergent waves that propagate through the sample at 
group velocity [3]. The phase and group velocities of acoustic waves in elastically 
anisotropic solids are not in general equal, even in the absence of dispersion and 
attenuation. The direction of group velocity or energy flux at any point of the slowness 
surface is parallel to the surface normal at that point [4]. The group velocities of the 
acoustic waves for an observation direction tJ through an anisotropic plate can thus be 
evaluated from these slowness curves. They correspond to the phase velocities associated 
with points for which the lines oriented along tJ + 7tI2 are tangent to the phase slowness 
curves. Denoting tJp the phase angle positioning this point in the slowness curve, the 
relation between the phase and group velocities follows: 
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(1) 
One of the important consequences of diffraction in anisotropic medium is the 
phenomenon of phonon focusing, whereby the energy flux radiated is much more highly 
concentrated in some directions than in others [5]. 
Signal Processing 
A signal processing method has first been developed which has shown efficiency for 
measuring velocities of longitudinal and transverse mode generated through an elastic 
medium [6]. Owing to the viscosity of the matrix, the composite shows a viscoelastic 
behavior and waveforms are smoothed. The main difficulty then comes from echoes 
overlapping for such velocities and material thickness [7]. 
Another process consists in calculating the convolution integral of the analytic 
signal associated with the recorded waveform, with a wavelet which central frequency is 
chosen according to echoes resolution requirements [7]. The modulus of the convolution 
represents the interaction energy between the two signals. The positions of the modulus 
maxima provide the arrival time of each generated mode. A 2.5 MHz central frequency 
wavelet has been considered to obtain the group velocities presented below. 
Numerical Scheme 
The numerical process for stiffness coefficients recovering from group velocities is 
based upon two analytical forms. A detailed description can be found in [8]. 
The first form follows from the propagation equations [4], written with suitable 
coordinates: 
7{to, p, X, t?) = 0 (2) 
where to is the group time measured in direction t?, and p is the projection on the interface 
of the phase slowness in direction f}p. In Eq. 2, X stands for the unknown coefficients 
vector. 
The second analytical form expresses the geometric relation between group 
velocities and phase slowness curves. It is written in the same variables as Eq. 2: 
9(to, p, X, t?) = o. 
The system of Eq. (2-3) is numerically inverted to optimally recover the elastic 
constants. The process minimizes the L2 norm of a set of functions 
(3) 
(.nto:;xp., Sp~ n, C, ~nexp") ~ calculated for a number of N experimental time ~p. and 
experimental angles ~~xp .. Since the parameters S~. n vary with the variable X, the 
inversion algorithm has to be double iterative. For each increment of the variable X, the 
optimal.values of each slowness S~. n is calculated. The correct value of S~. n minimizes the 
sum: 
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(4) 
Both process convergence and initialization requirement are compatible with the quality of 
experimental data. This algorithm is consistent for the problem since owing to acoustic 
energy focusing, several velocities must be taken into account for one mode in a given 
direction [6]. Former approaches [9] have been developed for this identification problem 
for which such multiple contributions could not be introduced in the inversion algorithm. 
These data are important regarding the identification process, since they are highly 
significant of the anisotropy of the medium. 
The scanning of a line source lying in direction X2 ({3 = 90°) or X3 ({3 = 0) provides 
group velocities measured in directions contained in principal planes. Since 4 coefficients 
interfere in the analytic forms !f and (j written in such principal planes, seven coefficients 
can be identified from these scans, namely (CII, C12, C22, C66) and (CII, C\3, C33, CSS) . 
Identification of the two lacking coefficients, C23 and C44 requires that a line source along 
non principal direction be considered. In these conditions, the whole set of nine coefficients 
interfere in the equations (2) and (3). The seven coefficients identified from scanning 
principal plane could be considered in these forms to identify the two remaining unknowns. 
A bias in the identification of the coefficients C23 and C44 may be introduced by the fact 
that the coefficients recovered from velocities measured in principal planes are considered 
as certain in this identification process. An accumulation of errors may thus occur. A global 
processing is preferred that consists in considering velocities measured in directions 
included in principal and non principal planes at the same time. Nine coefficients are 
identified according to the whole set of experimental data. 
By analyzing the residual squares of Eq. 2, a 90% confidence interval on identified 
stiffness coefficients can be calculated [10]. It is based upon the analysis of the scattering 
of experimental results around the exact solution. These confidence intervals quantify the 
identification quality from a set of group velocities. Still, it does not allow to calculate an 
exact error because systematic errors on velocity measurements are not taken into account. 
Nevertheless, it characterizes the quality of the identification of the stiffness coefficients 
from the group velocity data. Moreover, their interest is obvious to quantify the sensitivity 
of the identification process to stiffness changes. 
Results at Room Temperature 
Four line source directions have been considered: {3 = 0,22.5,45,90°. For each line 
direction the source to receiver observation angle was changed from 0 to 70° with 5° steps. 
The resulting signals have been processed for the measurement of the time of flight of each 
generated wave. The corresponding velocity data, measured at room temperature, are 
plotted in Fig. 2. The solid lines represent the ray surfaces resulting from the stiffness 
coefficients identified with the optimization process. The consistency between the 
measured and the reconstructed longitudinal and transverse wave velocities is very good. 
Owing to the tetragonal symmetry of the balanced composite, directions of observation 
when a line source along {3 = 45° is used, are included in a principal plane. Consequently, 
one transverse mode only (T2) is detected. At the reverse, group velocities of three modes 
(L, Tl, T2) could be measured when a line source along {3 = 22.5° is used. Despite of 
dispersion and attenuation, data relating to the cuspidal waves [3) could be measured in 
directions where acoustic rays focusing occurs. 
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Figure 2. Group velocities (krn/s) for line source directions: (a) P = 0, (b) P = 22.5°, (c) P = 
45°, et (d) P = 90°. Crosses denote experimental data and lines are group velocities 
calculated with optimum stiffness coefficients. 
The measured stiffness coefficients are reported (in GPa) in the following equation: 
13.2 7.8 7.2 0.2 0.9 1.5 
55 11 0 5 8 0 
C= 
54 10 (5) 
7.6 + 3.1 
sym. 3.7 sym. 0.2 
4.0 0.2 
The recovered elastic constants are in good agreement with the reference values obtained 
with immersion ultrasonic technique. The values of the confidence intervals associated 
with the identification of the stiffness coefficients C23 and C44 reveals the low accuracy of 
their measurement. Owing to the tetragonal symmetry of the composite, the sensitivity of 
group velocities to these coefficients changes is very weak. 
STIFFNESS CHANGES INDUCED BY TEMPERATURE 
The signal recordings are reproduced at elevated temperatures increasing by steps up 
to the glass transition temperature of the matrix material. During the LASER scannings, 
the temperature is controlled to remain constant. 
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Figure 3. Stiffness tensor coefficients at different temperatures. 
The results of the stiffness tensor coefficients identification are plotted in Fig. 3. 
The confidence intervals shown in this figure are valid to interpret the stiffness changes 
since the systematic errors would affect the stiffness measurements in the same quantity 
from one temperature to another. In other words, these errors would not have any influence 
on the sensitivity of the stiffness changes measurement. First, the equality of coefficients 
(C22, C33), (CI2, CI3) and (C55, C66) is conserved showing that the material symmetry 
remains tetragonal. Second, the calculated confidence intervals show that the coefficients 
C22 and C33 do not change in regard to their identification accuracy, and that the coupling 
coefficients C12 and CI3 exhibit the same behavior. Conversely, the decreases of the 
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coefficients CII and Css, C66 are highly sensitive. They show a constant rate of change 
with increasing temperature. These observations are related with the behavior of the two 
constituents of the composite material. Since the fibers properties are not affected by such 
temperature increase, the stiffness coefficients related to directions X2 and Xj, namely C22 
and C33, do not vary until the ultimate value 300 °C. Elsewhere, measurements of Young 
modulus of resin have shown that its rate of change is a linear function of the temperature. 
This matrix degradation provokes the variations of Cll and Css, C66. The relative 
variations of these two coefficients are similar, and of about 30%. 
CONCLUSION 
A method to measure the stiffness tensor of anisotropic materials, based on LASER 
ultrasonic generation and detection has been used. The device is connected with an oven, 
and the changes of the coefficients induced by temperature are measured up to 300° C. The 
method shows a good sensitivity and an anisotropic change of the mechanical properties is 
detected. This anisotropy is connected with the differential behaviour of the matrix and 
fibers. It is pointed out that the tensile coefficient in the direction normal to the fibre axes 
Cll, and in plane shear coefficients, CSS and C66, respectively, exhibit the same important 
relative variation of about 30 %. This coupled tensile-shear effect could not be measured 
using classical stress-strain metrology. 
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